The effect of size and morphology of CeO 2 /ZrO 2 catalysts, prepared by impregnation [CZ(IMP)], coprecipitation [CZ(CP)] and depositionprecipitation [CZ(DP)] methods, on the soot oxidation performance was investigated. TEM observation revealed that CeO 2 particles are well dispersed with the size of 10 nm on ZrO 2 support for CZ(IMP). In case of CZ(CP), the agglomeration of CeO 2 ZrO 2 solid solution particles was recognized. On the other hand, large CeO 2 particles (50 nm) were independently present in CZ(DP). Soot oxidation activity of CeO 2 /ZrO 2 was strongly dependent on the morphology of CeO 2 particles and decreased in the order of CZ(IMP) > CZ(CP) > CZ(DP). From isotopic transient kinetics analysis using 18 O 2 , the lattice oxygen in the surface region of CeO 2 particles in CZ(IMP) was highly reactive compared with those in the surface and bulk of CeZrO x solid solution in CZ(CP), resulting in high soot oxidation activity.
Introduction
Diesel engines are widely applied to automobiles, ships, construction machinery and power-generation system because of their high fuel efficiency, high power and high durability. However, the situation, that severe emission standards are regulated in the world, causes a strong demand for the abatement of particulate matter (PM), which is harmful for human health and the global environment. In the circumstances, diesel particulate filter (DPF) has been a focus of much attention as PM after-treatment system for diesel vehicles. Although DPF can effectively remove soot, which is the main component of PM, soot trapped in DPF must be periodically removed by combustion to prevent the filter from becoming clogged with soot. However, the direct oxidation of soot by O 2 needs high temperatures around 600°C. In this regard, DPF regeneration assisted by the oxidation catalyst is considered as an advanced system. Soot oxidation on the catalyst is well known to proceed via the activation of oxygen species. 1) For example, Harada et al. 2) reported ZrO 2 -based mixed oxides with high oxide ion conductivity, such as Zr 0.8 Y 0.2 O 2¹x and Zr 0.7 Nd 0.3 O 2¹x , as highly active catalyst for soot oxidation. They explained the high performance of ZrO 2 -based mixed oxides by the participation of a large amount of lattice oxygen as an active species in soot oxidation. CeO 2 -based oxides are also well-known material possessing oxygen storage capacity (OSC) due to redox between Ce 4+ and Ce 3+ , 3) leading to the expectation that CeO 2 -based oxides can effectively catalyze soot oxidation reaction. In fact, Makkee et al. 4)6) reported that soot oxidation takes place over CeO 2 catalyst and that the role of CeO 2 is to supply active oxygen species onto the soot surface via spillover from the surface of CeO 2 . Machida et al. 7) revealed that the redox property of CeO 2 measured in terms of oxygen storage/release capacity is not the sole determining factor for soot oxidation but the reactivity of oxygen species involved in the redox cycles is rather important.
Since soot oxidation on catalyst takes place at three-phase boundary between soot (solid), catalyst (solid) and O 2 (gas), the particle size and morphology of catalytically active CeO 2 is considered to be an important factor determining the soot oxidation activity. In the present study, we have prepared CeO 2 /ZrO 2 , which can easily release and store oxygen species in the lattice framework compared with CeO 2 itself, 8) with different size and morphology by impregnation, coprecipitation and depositionprecipitation methods. The effect of size and morphology of CeO 2 /ZrO 2 catalysts on the soot oxidation performance was investigated.
Experimental
CeO 2 /ZrO 2 was prepared by three different methods abbreviated as CZ(IMP), CZ(CP) and CZ(DP). CZ(IMP) was prepared by impregnation of commercial ZrO 2 (Tosoh, TZ-0, S BET = 14 m 2 g ¹1 ) with an aqueous solution of Ce(NO 3 ) 3 ·6H 2 O, followed by drying and calcination at 800°C for 3 h in air. CZ(CP) was prepared by a coprecipitation method using ammonium cerium(IV) nitrate and zirconium(IV) oxynitrate as precursor. To a solution of cerium and zirconium precursors was added an aqueous solution of ammonia as a precipitation agent at room temperature. The precipitate thus obtained was washed with distilled water, dried at 110°C and then calcined at 800°C for 3 h in air. CZ(DP) was prepared by depositionprecipitation method. The requisite quantities of cerium(IV) hydroxide dissolved in distilled water and ZrO 2 powder (Tosoh, TZ-0) were mixed together. Aqueous solution of ammonia was added dropwise to the above mixture solution with vigorous stirring until the precipitation was complete (pH 10).
9) The resulting product thus obtained was washed with distilled water, dried at 110°C and then calcined at 800°C for 3 h in air. The loading of CeO 2 for all the samples was fixed at 20 mol %.
The catalytic activity for soot oxidation was determined using commercially available carbon black powder (Aldrich), which was found to be an aggregate composed of 2040 nm carbon particles by TEM observation, as model diesel soot. The carbon black (CB) and catalyst with a weight ratio of 1/30 were well mixed in an agate mortar for 10 min to obtain a tight CB-catalyst contact state. The activity was evaluated with a flow reactor system by passing a reactant gas containing 10% O 2 diluted in N 2 at a rate of 500 cm 3 min ¹1 over 100 mg of a mixture. The temperature was increased to 700°C at a rate of 10°C min
¹1
. The concentration of CO and CO 2 as a product was measured with on-line gas analyzer (Horiba, PG-230). No formation of CO was observed in the present study.
Isotopic transient kinetic analysis was performed by switching the flowing gas from He to 1%
18 O 2 /He at 450°C. 50 mg of a mixture of the carbon black and catalyst in tight contact mode was employed. The effluent gas from the reactor was continuously monitored by a quadrupole mass spectrometer (M-201QA-TDM, Canon Anelva) for all the isotopic molecules of CO 2 (at m/e = 44, 46 and 48).
Direct observation of CeO 2 /ZrO 2 particles by TEM was performed with a JEM-2100 (JEOL) operating at an acceleration voltage of 200 kV. The crystal structure of the samples was identified by XRD (Rigaku MiniFlexII) measurements using Cu K¡ radiation at 30 kV and 15 mA. Temperature programmed reduction by H 2 (H 2 -TPR) was carried out to estimate the reducibility of the catalysts. The H 2 -TPR profiles were obtained from room temperature to 800°C in a 30 cm 3 min ¹1 flow of 5% H 2 /Ar at a heating rate of 10°C min
. The consumption of H 2 was monitored using a thermal conductivity detector (TCD). caused an appearance of XRD peaks due to CeO 2 with a fluorite-type structure. A shift of XRD peaks due to ZrO 2 was not observed for CZ(IMP) and CZ(DP), suggesting no formation of CeZrO x solid solution. As can be seen in Fig. 1(c) , CZ(CP) showed quite different XRD pattern. According to literature, 10)12) CeO 2 /ZrO 2 prepared by coprecipitation method is verified to be CeZrO x solid solution with a tetragonal phase. As summarize in Table 1 , the crystallite size of CeO 2 and CeZrO x solid solution calculated from the X-ray diffraction peaks, given in Fig. 1 , detected at 2ª = ca. 47.7°for CeO 2 and at 2ª = ca. 29.9°for CeZrO x using Scherrer's equation was totally different depending on the preparation method. CZ(CP) was found to be composed of small crystallites of CeZrO x solid solution. CZ(IMP) seems to consist of small CeO 2 particles compared with CZ(DP). Relatively good correlation between the crystallite size of CeO 2 and CeZrO x solid solution and the BET surface area was observed.
As can be seen in Table 1 , the BET surface area of CZ(IMP) was higher than that of ZrO 2 support, indicating that the addition of CeO 2 by impregnation method caused an increase in the BET surface area. This is probably due to a creation of new surface by CeO 2 particles on ZrO 2 support. On the other hand, no increase in BET surface area was observed for CZ(DP). In order to gain information on the particle morphology of CeO 2 /ZrO 2 , TEM images of CZ(IMP), CZ(CP) and CZ(DP) were measured. As given in Fig. 2(a) , CeO 2 particles were found to be dispersed on ZrO 2 support with the size of ca. 10 nm for CZ(IMP). On the other hand, the presence of large CeO 2 particles with the size of ca. 50 nm without interaction with ZrO 2 support was recognized for CZ(DP) [ Fig. 2(c) ]. The difference in the morphology of CeO 2 particles in CZ(IMP) and CZ(DP) can well explain the difference in the change of BET surface area by CeO 2 addition as described above. As for CZ(CP) sample, the agglomeration of CeZrO x solid solution particles with the size of ca. 15 nm was recognized [ Fig. 2(c) ]. Therefore, we have successfully prepared CeO 2 /ZrO 2 catalysts with different particle morphology. Figure 3 shows the CO 2 formation profiles for catalyzed and non-catalyzed (without catalyst) soot oxidation in tight contact mode. Non-catalyzed soot oxidation gradually occurred at the temperatures above 550°C and showed the peak temperature, T max , at 680°C. It appears that CeO 2 /ZrO 2 effectively catalyzed soot oxidation, resulting in soot oxidation at lower temperatures. It is also of interest that the soot oxidation performance of CeO 2 / ZrO 2 was different depending on the morphology of CeO 2 particles. CZ(IMP) with T max at 457°C showed higher activity for soot oxidation than CZ(DP) with that at 498°C, indicating that CeO 2 particles dispersed on ZrO 2 support with the size of ca. 10 nm can effectively promote the soot oxidation. Large CeO 2 particles with the size of ca. 50 nm without interaction with ZrO 2 support seem to be not highly active for soot oxidation. Recently, Piumetti et al. 10) investigated the effect of topological and textural properties of CeO 2 on the soot oxidation performance and found that the abundance of coordinative unsaturated atomic sites on the surface of CeO 2 would be responsible for high soot oxidation performance in higher temperature region. This clearly suggests that soot oxidation over CeO 2 -based materials is structure sensitive. The finding obtained in this study that CZ(IMP) including small CeO 2 particles interacting with ZrO 2 showed higher soot oxidation activity than CZ(DP) including large CeO 2 particles without interaction with ZrO 2 is in good agreement with the conclusion reported by Piumetti et al. 10) As can be seen in Fig. 3 , CZ(IMP) also showed higher activity for soot oxidation than CZ(CP), which consists of CeZrO x solid solution with the size of ca. 15 nm, with T max at 492°C, although the latter catalyst possesses higher BET surface area than the former one. Therefore, the BET surface area seems to be not essentially important factor to determine the soot oxidation performance of CeO 2 -based materials. Machida et al. 7) also reported that the soot oxidation performance decreases in the order of CeO 2 º Pr 6 O 11 ³ CeO 2 ZrO 2 > ZrO 2 . They explained the difference in the soot oxidation performance by the reactivity of oxygen species toward soot. In the present study, the reactivity of oxygen species formed on CeO 2 /ZrO 2 can be expected to be different depending on the morphology of CeO 2 particles. ¹ species in soot oxidation over Ag/CeO 2 was also reported by Yamazaki et al. 13) In this study, we examined the reducibility of CeO 2 /ZrO 2 by means of H 2 -TPR. As can be seen in Fig. 4 , CZ(IMP) and CZ(DP) gave very similar H 2 -TPR profile. Two distinct H 2 consumption peaks at around 500550 and 785°C were observed. This is typical result obtained for CeO 2 composed of small particles. The former H 2 consumption peak is ascribed to the reduction of the surface of CeO 2 particles, while the latter peak is due to the reduction of their subsurface and/or bulk. 14) 16) It should be noted that CZ(CP) showed large H 2 consumption peaks at lower temperatures compared with CZ(IMP) and CZ(DP) [Fig. 4(b) ]. The lattice oxygen in CeZrO x solid solution is well known to be easily released by the reaction with H 2 , 14)16) resulting in the evolution of large amount of reactive oxygen species for catalytic oxidation reaction. Therefore, the results of H 2 -TPR measurements can lead us to the consideration that CZ(CP) must be the best catalyst for soot oxidation. However, unfortunately, CZ(IMP) showed the highest activity for soot oxidation (Fig. 3) , suggesting that active oxygen species for soot oxidation is different from those estimated by H 2 -TPR.
Reactivity of oxygen species on
In order to gain information on the activation of oxygen species and its participation in soot oxidation, isotopic transient kinetic analysis was made on CeO 2 /ZrO 2 , where the isotopic product (C 16 18 O 2 /He in the reaction stream were measured by a quadrupole mass spectrometer at 450°C. Figure 5 shows the product responses obtained for CeO 2 Haneda et al.: Influence of particle morphology on catalytic performance of CeO 2 /ZrO 2 for soot oxidation directly participate in soot oxidation and the lattice oxygen in CeO 2 /ZrO 2 is reactive species.
As can be seen in Fig. 5 , the product responses are different depending on the CeO 2 /ZrO 2 catalysts. When O was simultaneously observed and its amount was gradually increased with the reaction time. Although almost similar isotopic product responses were observed in soot oxidation over CZ(DP) [Fig. 5(c) ], the amount of C 16 O 2 and C 16 O 18 O was lower than that on CZ(IMP). This is in agreement with the catalytic performance for soot oxidation (Fig. 3) . In contrast with the product responses obtained for CZ(IMP), on the other hand, the formation of C 16 O 2 on CZ(CP) was relatively slow, and its amount was slowly decreased with time on stream. In addition, the formation of trace amount of C 16 
O
18 O was observed. These results clearly suggest that the reactive oxygen species toward soot is quite different depending on the morphology of CeO 2 particles. According to the isotopic product responses obtained for CZ(IMP) and CZ(DP) [Figs. 4(a) and 4(c) ], a quick decrease in the amount of C 16 O 2 was clearly observed, suggesting that the lattice oxygen in the bulk of CeO 2 particles cannot directly participate in soot oxidation. In addition, the finding that the amount of C 16 O 18 O was gradually increased with time on stream suggests that the oxygen species created via the migration of adsorbed oxygen species into the subsurface of CeO 2 particles is highly reactive for soot oxidation. The activation of oxygen species mainly occurs on the surface of CeO 2 particles. The soot oxidation activity of CZ(IMP) and CZ(DP) would be related to the particle size of CeO 2 . On the other hand, the finding that C 16 O 2 is the main product for soot oxidation over CZ(CP) clearly indicates that the lattice oxygen not only in the surface region but also in the bulk of CeZrO x solid solution participates in the soot oxidation. The diffusion of oxygen species incorporated from the gas phase into the lattice of CeZrO x solid solution must be slow step. The activation of oxygen species and its reactivity on CeO 2 / ZrO 2 catalysts are concluded to be responsible for the soot oxidation activity of CeO 2 /ZrO 2 with different morphology and size.
Conclusions
We have prepared CeO 2 /ZrO 2 with different size and morphology by impregnation [CZ(IMP)], coprecipitation [CZ(CP)] and depositionprecipitation [CZ(DP)] methods. XRD measurements revealed that CeO 2 and ZrO 2 particles in CZ(IMP) and CZ(DP) are independently present without the formation of CeZrO x solid solution. From TEM observation, CeO 2 particles were found to be dispersed on ZrO 2 support with the size of ca. 10 nm for CZ(IMP), while the presence of large CeO 2 particles with the size of ca. 50 nm without interaction with ZrO 2 support was recognized for CZ(DP). When CeO 2 /ZrO 2 was prepared by coprecipitation method [CZ(CP)], the formation of CeZrO x solid solution and the presence of agglomerated particles with the size of ca. 15 nm were recognized. Soot oxidation activity of CeO 2 /ZrO 2 was strongly dependent on the morphology of CeO 2 particles. Among the catalysts tested here, CZ(IMP) showed the highest activity for soot oxidation, while CZ(DP) was the worst catalyst. Although the reducibility of CeO 2 /ZrO 2 was evaluated by H 2 -TPR, no good correlation between the reactivity of oxygen species estimated by H 2 -TPR and soot oxidation activity was observed. Isotopic transient kinetics analysis using 18 O 2 suggested that the lattice oxygen in the surface region of CeO 2 particles in CZ(IMP) was highly reactive compared with those in the surface and bulk of CeZrO x solid solution in CZ(CP). We concluded that the activation of oxygen species and its reactivity on CeO 2 /ZrO 2 catalysts are responsible for the soot oxidation activity of CeO 2 /ZrO 2 with different morphology and size.
